Fifty-eight cadherin-related protocadherin (Pcdh) genes are tandemly arrayed in three clusters (␣, ␤, and ␥) on mouse chromosome 18. The large number of clustered Pcdh family members, their presence at synapses, and the known binding specificities of other cadherin superfamily members all suggest that these Pcdhs play roles in specifying synaptic connectivity. Consistent with this idea, mice lacking all 22 genes of the Pcdh-␥ cluster have decreased numbers of spinal cord synapses and are nearly immobile. Interpretation of this phenotype was complicated, however, by the fact that Pcdh-␥ loss also led to apoptosis of many spinal interneurons. Here, we used two methods to circumvent apoptosis and neurodegeneration in Pcdh-␥ mutant mice. First, we analyzed mutants lacking both Pcdh-␥ proteins and the proapoptotic protein Bax. Second, we generated a hypomorphic allele of Pcdh-␥ in which apoptosis was minimal. In both cases, spinal interneurons were preserved but the mice bore dramatically decreased numbers of spinal cord synapses and exhibited profound neurological defects. Moreover, synaptic function was compromised in neurons cultured from the hypomorphs. These results provide evidence for a direct role of ␥-Pcdhs in synaptic development and establish genetic tools for elucidating their contribution to synaptic specificity.
A
s synapses form, their presynaptic and postsynaptic elements become linked by transmembrane adhesion molecules, including members of the Ig and cadherin superfamilies. Some of these adhesion molecules, such as SynCAM, neuroligin, and neurexin, might function primarily to coordinate presynaptic and postsynaptic differentiation, whereas others might contribute to the selectivity with which synaptic connections form between appropriate partners (reviewed in refs. [1] [2] [3] [4] . The diversity of the Ig and cadherin families and the binding specificities of individual members suggests that they might be involved in both aspects of synaptogenesis. Support for roles in synaptic specificity has recently been obtained for at least five Ig superfamily members, Sidekick-1 and-2 in vertebrates (5), Syg-1 and -2 in worms (6, 7) , and DS-CAM in flies (8, 9) .
Additional attractive candidate synaptic recognition molecules are the nearly 60 cadherin-related protocadherin (Pcdh) genes tandemly arrayed in three clusters on a single chromosome in mammals (10, 11) . These clusters, termed Pcdh-␣, -␤, and -␥, each contain multiple ''variable'' exons encoding the extracellular, transmembrane, and proximal cytoplasmic domains of individual isoforms. Within the Pcdh-␣ and -␥ clusters, each variable exon is transcribed from its own promoter and spliced to ''constant'' exons that encode a shared C-terminal domain (12) (13) (14) (15) . Many neuronal populations express multiple Pcdh genes, and the ␣-and ␥-Pcdh proteins are concentrated at, although not exclusively localized to, synapses (16) (17) (18) (19) . Together, these features have led to the hypothesis that combinatorial patterns of Pcdh expression promote specific interactions between presynaptic and postsynaptic partners (20) (21) (22) .
In an attempt to test this hypothesis, we generated and analyzed mice from which the entire Pcdh-␥ locus had been deleted (Pcdh-␥ del/del ; ref. 17) . The number of synapses in the gray matter of the spinal cord was decreased in these mice, consistent with the idea that ␥-Pcdhs are required for synaptic development. However, the interpretation was complicated because Pcdh-␥ deletion also led to apoptosis of spinal interneurons. Thus, the reduction in synapse number might have been either a direct consequence of Pcdh-␥ deletion or an indirect consequence of neurodegeneration.
We have now used two methods to distinguish these alternatives. First, we prevented apoptosis in Pcdh-␥ del/del mice by removal of the proapoptotic Bcl-2 family member Bax. Bax Ϫ/Ϫ mice are outwardly normal and live to adulthood (23) . However, naturally occurring apoptosis of many neuronal populations is greatly decreased in these mutants (24) (25) (26) , making them useful for examining characteristics of neurons that would otherwise die (27, 28) . Second, we generated a hypomorphic allele of the Pcdh-␥ locus (Pcdh-␥ tr ). Pcdh-␥ tr/tr mice, like Pcdh-␥ del/del mice, die shortly after birth. Unexpectedly, however, neuronal apoptosis was not substantially elevated in Pcdh-␥ tr/tr mice. Thus, we were able to use both Pcdh-␥ del/del ;Bax Ϫ/Ϫ and Pcdh-␥ tr/tr mutants to examine spinal neuron synapses in the absence of neurodegeneration. Our morphological and electrophysiological results support a direct role for ␥-Pcdhs in synaptic development.
Materials and Methods
Mouse Strains. Mice lacking the entire 22-gene Pcdh-␥ locus (Pcdh-␥ del/del ; ref. 17 ) and mice lacking Bax (23, 24) have been described. Both were maintained on a C57͞B6 background. The targeting vector for the C-terminal truncation allele (Pcdh-␥ tr ) consisted of a NotI͞SalI-digested, 6.4-kb 5Ј homology arm generated by PCR, an internal ribosome entry site (IRES), a GFP-␤-galactosidase (LacZ) fusion gene, a loxP-flanked neomycin resistance gene for positive selection, an NheI͞EcoRI-digested, 1.6-kb 3Ј homology arm amplified by PCR, and a thymidine kinase-negative selection marker. Homologous recombination led to the insertion of the IRES-GFP-LacZ cassette into constant exon 3, resulting in truncation of ␥-Pcdh proteins 57 aa from the C terminus. Targeted ES clones were identified by PCR, and the selection marker was excised by transient expression of Cre recombinase in ES cells before blastocyst injection.
Immunofluorescence. Tissues were frozen unfixed or after immersion in 4% paraformaldehyde and cryoprotection in 30% sucrose. Cryostat sections were cut at 10-15 m, and sections from unfixed blocks were fixed in 100% methanol for 10 min at Ϫ20°C. Sections were blocked in 2.5% BSA and 0.1% Triton X-100 in PBS for 1 h, followed by incubation with primary antibody at 4°C overnight in the same solution. Sections were washed in PBS and secondary antibodies (Alexa Fluor 488-or 568-conjugated) applied in PBS for 1 h. Nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole added to the final wash.
Antibodies used (and their sources) were: anti-NeuN (Chemicon); anti-gephyrin and anti-glycine receptor (Alexis, San Diego); anti-microtubule-associated protein 2 (MAP2, Sigma); anti-class III ␤-tubulin (TuJ1, Covance, Princeton, NJ); antiglutamic acid decarboxylase (GAD, Developmental Studies Hybridoma Bank, Iowa City, IA); anti-vesicular glutamate transporter (VGlut) 1 and 2 (mixed 1:1 and used together, Chemicon); anti-postsynaptic density (PSD)-95 (Affinity Bioreagents, Golden, CO); anti-synaptophysin (Zymed); anti-cleaved caspase-3 (Cell Signaling Technology, Beverly, MA); antineurofilaments (Sternberger-Meyer, Jarrettsville, MD); rabbit anti-GFP (Chemicon); and a rabbit antiserum to the common Pcdh-␥ C-terminal exons (17) . Neuro Trace 435 (Molecular Probes) was used as a fluorescent Nissl stain.
For quantification of synapse and neuron number, digital micrographs of control and mutant spinal cord sections or neuronal cultures were taken at equivalent locations and camera exposures by using ϫ63 or ϫ100 oil objectives on a Zeiss Axioplan microscope. These digital images were adjusted and thresholded similarly in METAMORPH (Universal Imaging, Downingtown, PA), and synaptic puncta were counted by using automated analysis functions. NeuNϩ neurons were counted manually. Statistical significance was determined by using multifactorial ANOVA and Fisher's probable least-squares difference post hoc tests calculated with STATVIEW software (Abacus Concepts, Berkeley, CA).
Spinal Neuron Cultures. Spinal neurons were cultured by methods modified from ref. 29 . Spinal cords were removed from embryonic day 13 control and Pcdh-␥ tr/tr embryos in 135 mM NaCl, 5 mM KCl, 75 mM Na 2 HPO 4 , 0.2 mM KH 2 PO 4 , 20 mM glucose, 44 mM sucrose, and 10 mM Hepes. Extra-neural tissue was taken from each embryo for genotyping. Each spinal cord was transferred to a well of a 12-well tissue-culture dish (Nunc) containing 1 ml of trypsin-EDTA (0.05% trypsin), cut into small pieces with spring scissors, incubated at 37°C and 5% CO 2 for 30 min, diluted with 2 ml of plating medium (DMEM plus 10% FCS, 10% horse serum, and penicillin͞streptomycin) to inhibit trypsin, transferred to 1 ml fresh medium, and triturated 10-20 times with a fire-polished Pasteur pipet. Cells were then plated on 13-mm glass coverslips that had been coated sequentially with poly-Llysine and laminin-1 (400,000-500,000 cells per well) and placed at 37°C and 5% CO 2 . After 24 h, the medium was changed to growth medium [DMEM plus 10% FCS and N2 supplements (Gibco)] without antibiotics. Growth medium was changed every 2-3 days. Cultures were used for electrophysiological recordings at 8-11 days in vitro (DIV) or fixed for immunofluorescence at 9 DIV. Cultures consisted of a ''lawn'' of glial fibrillary acidic protein-positive astrocytes on which clusters of interneurons grew. Motor neurons did not survive the plating procedure and were completely absent. A few dorsal root ganglia sensory neurons were present in some cultures, but they were easily distinguishable from interneurons by their large somata and expression of neurofilaments and were excluded from histological and electrophysiological analyses.
Western Blotting. We generated full-length or C-terminally truncated Pcdh-␥-EGFP fusion proteins by PCR from a cDNA clone encoding the full-length Pcdh-␥ C4 isoform. PCR products were cloned into an EGFP-containing vector to generate in-frame fusions, which were then transferred to the expression vector pcDNA3 (Invitrogen). The full-length fusion protein corresponds to that produced by the Pcdh-␥ fusg allele reported previously (17) , and the truncated protein corresponds to that generated in the Pcdh-␥ tr allele. Both the full-length and truncated constructs were transfected into COS-7 cells, and the recombinant proteins were analyzed by Western blotting using standard methods.
Electrophysiological Recordings. Current-and voltage-clamp recordings were performed as described (30) . Data files obtained with AXOSCOPE 9.0 were analyzed offline with MINIANALYSIS 5.0 software to obtain peak amplitudes, frequencies, and decay time constants. The decay phases of inhibitory and excitatory postsyn- aptic currents were best-fitted with a single exponential curve. Data are expressed as mean Ϯ SEM. Statistical comparisons were performed by using Student's t test, ANOVA, or the Kolmogorov-Smirnov test.
Results
Synaptic Defects in Pcdh-␥͞BAX Double Mutants. As reported previously, spinal cords of Pcdh-␥ del/del mice were hypoplastic and exhibited high levels of interneuronal apoptosis and neurogeneration (ref. 17 and Fig. 1 A and B) . These defects made it impossible to determine whether decreased synapse number in the Pcdh-␥ del/del spinal cord reflected a role for ␥-Pcdhs in synaptogenesis or a consequence of neurodegeneration. To distinguish these alternatives, we attempted to block neuronal apoptosis by mating Pcdh-␥ del mice to mice harboring a null allele of the proapoptotic gene Bax (23) . Because Pcdh-␥ del/del mice die at birth (17) and Bax Ϫ/Ϫ mice are infertile (23), we first generated compound heterozygotes, which were then mated to obtain Pcdh-␥ del/del ;Bax Ϫ/Ϫ double mutants at the expected frequency of Ϸ1͞16.
Double mutant spinal cords were grossly normal in size, shape, and organization (Fig. 1C) , had a normal density of neuronal somata (stained with antibodies to NeuN; Fig. 1 D  and F) and fiber tracts (stained with antibodies to neurofilaments; Fig. 1C) , and exhibited few, if any, apoptotic cells (stained with antibodies to activated caspase-3; Fig. 1E) To assess synapse number and composition, we labeled spinal cords of the double mutants with antibodies to the synaptic vesicle proteins, synaptophysin and SV2, which label all presynaptic terminals; to PSD-95, which stains glutamatergic postsynaptic sites; and to gephyrin and glycine receptors, which stain inhibitory postsynaptic sites. In all cases, synapses were present, but their density was lower in Pcdh-␥ del/del ;Bax Ϫ/Ϫ mice than in Bax Ϫ/Ϫ or Bax ϩ/Ϫ controls ( Fig. 2 and data not shown). Postsynaptic markers were used for quantitative analysis, because their appearance was more punctate than that of the presynaptic markers. The density of excitatory (PSD-95-positive) and inhibitory (glycine receptor-or gephyrin-positive) synapses did not differ significantly between control and Bax Ϫ/Ϫ mice, but was decreased 30-50% in double mutants (Fig. 2B) . This decrease was similar to, although not quite as severe as, that seen in Pcdh-␥ del/del single mutants (Fig. 2B) . Thus, even when the deleterious effect of Pcdh-␥ deletion on neuronal survival is abrogated, synaptic defects persist.
Synaptic Defects in ␥-Pcdh Hypomorphs. A potential problem in using Bax Ϫ/Ϫ mice to rescue neurons is that some steps in apoptotic pathways proceed in the absence of Bax (31), so the rescued neurons could be abnormally susceptible to loss of ␥-Pcdhs. A way to circumvent this limitation was provided by an allele initially generated for another purpose. In this allele, a cassette containing an internal ribosome entry site and a reporter gene was inserted into the last coding exon of the Pcdh-␥ locus, resulting in the deletion of 57 aa at the carboxyl terminus of all Pcdh-␥ isoforms (Fig. 3A) . Northern analysis of tissue from the resulting truncation (Pcdh-␥ tr/tr ) mutants confirmed that the 3Ј end of the Pcdh-␥ mRNA had been replaced by sequences in the inserted cassette (Fig. 3B) , although expression of the reporter protein was only barely detectable in embryos and neonates (data not shown).
To characterize the protein product of the Pcdh-␥ tr/tr allele, we immunoblotted brain lysates with a polyclonal antiserum to peptides encoded by the Pcdh-␥ common exons. Pcdh-␥ tr/tr and control brains both contained immunoreactive proteins of appropriate mass as judged by using recombinant Pcdh-␥ as a standard (Fig. 3C) . Heterogeneity in mass is likely to reflect differences in glycosylation among isoforms. Antibody specificity was demonstrated by the absence of immunoreactive material in Pcdh-␥ del/del brain (Fig. 3C) .
Levels of Pcdh-␥ protein were several-fold lower in Pcdh-␥ tr/tr brains than in controls. One possible confound was that the antiserum we used may have recognized epitopes in the carboxylterminal segment that is deleted in this mutant, in which case decreased immunoreactivity would reflect loss of epitopes rather than decreased protein levels. To test this possibility, we transiently transfected COS cells with constructs encoding a fulllength or a C-terminally truncated Pcdh-␥ isoform fused to GFP (see Materials and Methods). Proteins from these transfectants were blotted and probed with anti-GFP and anti-Pcdh-␥ antisera. The ratio of GFP-to-Pcdh-␥ immunoreactivity was similar for the two recombinant proteins (Fig. 3D) , showing that predominant epitopes recognized by the anti-Pcdh-␥ antiserum were retained in the truncated proteins. We conclude that the Pcdh-␥ tr allele produces Pcdh-␥ protein that is reduced both in size and amount compared with that in WT mice. The reduced levels might reflect defects in production or stability of mRNA or protein.
Pcdh-␥ tr/tr mice, like Pcdh-␥ del/del ;Bax Ϫ/Ϫ and Pcdh-␥ del/del mice, died within several hours of birth, with movement defects more similar in severity to those in Pcdh-␥ del/del ;Bax Ϫ/Ϫ double mutants than to those in Pcdh-␥ del/del single mutants. The histological organization of the spinal cord in Pcdh-␥ tr/tr mice also resembled that in Pcdh-␥ del/del ;Bax Ϫ/Ϫ mice in that its size, shape, and neuronal density were normal (Fig. 4 A, B, and D) and levels of apoptosis were low (Fig. 4C) . However, the density of excitatory and inhibitory synapses was decreased by Ϸ40-50% compared to controls (Fig. 4 E and F and data not shown) . Thus, the Pcdh-␥ protein that persists in the Pcdh-␥ tr/tr mice is sufficient for neuronal survival, but insufficient to support normal synaptic development.
Synaptic Defects in Neurons Cultured from Pcdh-␥ tr/tr Mice. As a third approach to analyzing the role of Pcdh-␥ in synaptic development, we cultured spinal neurons from Pcdh-␥ tr/tr mice (see Materials and Methods). Immunofluoresence confirmed a reduction in Pcdh-␥ protein levels in Pcdh-␥ tr/tr cultures, similar to that observed in intact brain tissue (data not shown). In both Pcdh-␥ tr/tr and control cultures, neurons differentiated (expressed NeuN), extended tubulin-rich processes (TuJ1-positive), some of which differentiated into dendrites (MAP2-positive), and exhibited little apoptosis (as assayed with anti-activated caspase 3) (Fig. 5 A-C) . In the serum-containing medium we used, many neurons survived for at least 12 days.
Quantitative analysis revealed no significant differences between Pcdh-␥ tr/tr and control cultures in neuron number or dendritic area (Fig. 5D) . However, the number of synapses was reduced in Pcdh-␥ tr/tr cultures ( Fig. 5 E-I ), as assayed with antibodies against a panel of presynaptic and postsynaptic proteins: synaptophysin, present at all terminals; VGlut, a marker of excitatory nerve terminals; GAD, a marker of inhibitory nerve terminals; and PSD-95 and gephyrin, markers of excitatory and inhibitory PSDs, respectively. Both excitatory and inhibitory synaptic populations were significantly affected. Synaptic puncta were decreased in average size as well as in number in the mutant cultures, although the difference in size was statistically significant only for excitatory synapses (Fig. 5I) . Thus, in vitro as in vivo, synaptic development is perturbed in Pcdh-␥ tr/tr neurons, despite seemingly normal neuronal differentiation and survival.
To assess the physiological consequences of Pcdh-␥ deficiency, we recorded spontaneous synaptic currents from neurons in Pcdh-␥ tr/tr and control cultures. Depolarization elicited action potentials from both mutant and control neurons (Fig. 6A  Upper) . Neither membrane potential (V M ) nor action potential threshold differed significantly between genotypes (V M Ϫ54 Ϯ 2 mV and Ϫ57 Ϯ 3 mV in Pcdh-␥ tr/tr and controls, respectively; threshold Ϫ43 Ϯ 6 mV and Ϫ40 Ϯ 3 mV in Pcdh-␥ tr/tr and controls, respectively; n ϭ 4 cells per genotype). Moreover, recordings in voltage clamp mode revealed spontaneous synaptic currents in both mutant and control neurons (Fig. 6A Lower) . Their frequency was lower in mutant than in control neurons, but this difference was not statistically significant (Fig. 6B Right) . However, the mean amplitude of the synaptic currents recorded from mutant neurons was ϳ50% lower than those in controls (Fig. 6B Left) . This result suggests that ␥-Pcdhs are required for the development and͞or function of synapses.
To ask whether Pcdh-␥ affects excitatory or inhibitory synapses, we took account of the fact that decay times of excitatory (glutamatergic) currents recorded from cultured mammalian central neurons are considerably faster than those of inhibitory (GABAergic and glycinergic) currents (32, 33) . Pharmacological tests confirmed this distinction in our cultures: excitatory currents, isolated by addition of GABAergic and glycinergic blockers (200 nM strychnine and 2 M bicuculline), had decay times of 0.5-4 ms, whereas inhibitory currents, isolated by addition of glutamatergic blockers (2 mM 6-cyano-7-nitroquinoxaline-2,3-dione and 20 M 2-amino-5-phosphonovaleric acid), had decay times of 7-100 ms (Fig. 6C) . Using decay time as a criterion, we found that both excitatory synaptic currents (Ͻ8 ms decay time; Fig. 6D ) and inhibitory synaptic currents (Ͼ10 ms decay time; Fig. 6E ) were significantly smaller in mutants than in controls. Thus, truncation and͞or reduced expression of ␥-Pcdhs leads both to fewer synapses and reduced synaptic activity at those synapses that are present.
Discussion
Our initial studies of mice lacking ␥-Pcdhs established the importance of these molecules for the development of the nervous system, but we could not tell whether the observed synaptic deficits were a direct effect of Pcdh-␥ mutation or secondary to interneuron loss (17) . Here, we used two additional mutants, Bax Ϫ/Ϫ and Pcdh-␥ tr/tr , to test the role of ␥-Pcdhs in synaptic development.
Neurodegeneration was minimal but synaptic defects were dramatic in spinal cords of both Pcdh-␥ del/del ;Bax Ϫ/Ϫ double mutants and Pcdh-␥ tr/tr hypomorphs. Similarly, Pcdh-␥ tr/tr interneurons survived and differentiated in vitro but exhibited fewer and weaker synapses than did control interneurons. The fact that both the double mutants and the hypomorphs exhibit sensorimotor defects and die at birth suggests that the synaptic defects are biologically as well as statistically significant. It remains to be determined which stages of synaptic development are regulated by ␥-Pcdhs. Possibilities include the initial formation of synaptic contacts, their maturation into fully functional synapses, and the maintenance of their structural or physiological integrity. One hint comes from our observations that synaptic puncta are decreased in size as well as number in mutant neurons in vitro, and that mutant synaptic currents are reduced in amplitude rather than frequency. These results suggest that ␥-Pcdhs affect synaptic maturation or maintenance. The decreased number of synaptic puncta in mutants in vivo and in vitro suggests an additional effect on the initial steps of synaptogenesis, but could also reflect an inability to detect the smallest, presumably least mature, synapses. That is, small synaptic puncta are difficult to distinguish from background fluorescence, so that a decrease in average size would be conflated with a decrease in number.
Whatever the stage at which they act, ␥-Pcdhs might be required either for generic synaptic functions or synaptic specificity, as suggested by the diversity of their extracellular domains. Either role could result in decreased synapse number or size, if one imagines that synapses formed between ''inappropriate'' partners are smaller, weaker, or less stable than those found in ''appropriate'' circuits. Indeed, such defects have been observed in several cases in which neurons formed synapses on inappropriate targets either transiently during development or because of experimental manipulations (34) (35) (36) (37) . One way to distinguish these possibilities would be to ask whether misexpression of one or a few Pcdh-␥ isoforms affects patterns of connectivity. The demonstration that Pcdhs play separate roles in neuronal survival and synaptic development makes these issues important to address, and our genetic methods for separating trophic from synaptic effects of Pcdhs make the appropriate experiments possible.
